Abstract Since extracellular calcium is known to be involved in the entrainment of the circadian pacemaker in the retina of Bulla gouldiana , we have assessed the requirement for extracellular calcium in the generation of the circadian rhythm. To enable us to assay the state of the pacemaker during low-calcium treatment, which often obscures rhythmicity, long-duration pulses of low-calcium artificial seawater (no added calcium, 10 mM EGTA, calculated calcium concentration = 4.5 x 10 -10 M) were applied, and the phase of the subsequent rhythm was measured. Pulse treatments started at zeitgeber time (ZT) 6, and durations ranged from 4 to 72 hr. Although no phase shifts followed pulses ending before the next projected dawn (ZT 24), phase delays of up to 4 hr followed pulses ending after projected dawn, and delays of up to 8 hr followed pulses spanning two dawns. Some activity records exhibited unequivocal circadian rhythmicity during the long low-calcium treatments, with phases and periods similar to untreated control eye records; this finding suggests that the phase delays observed following long low-calcium pulses are attributable to the pulsatile nature of the treatment. These data suggest that extracellular calcium is not an essential requirement for the pacemaker in generating the circadian rhythm.
be achieved by treatments that are known to block transmembrane calcium fluxes, such as hyperpolarization via intracellular current injection or changes in ionic concentrations of the extracellular bathing media, and low extracellular calcium concentration (McMahon and Block, 1987a ; Khalsa and Block, 1990) .
The action of these phase-shifting agents is dependent on the phase of the spontaneous rhythm in membrane potential: Depolarizing agents phase-shift the rhythm primarily when the BRNs are hyperpolarized at night; hyperpolarizing agents or low calcium phase-shifts the rhythm primarily when the BRNs are depolarized during the day. These observations lend support to a model whereby a rhythm in transmembrane calcium flux participates in regulating the phase-shifting action of these agents (Khalsa and Block, 1990) . In the present study, we addressed the question of whether a rhythm in transmembrane calcium flux is part of, or is required for, the generation of circadian periodicities.
MATERIALS AND METHODS
Bulla gouldiana were obtained from Marinus Inc. and maintained in a temperature-controlled seawater tank at 15°C. Animals were exposed to a light cycle of 12 hr of light and 12 hr of darkness (LD 12:12) for at least I week prior to experimental setup. Two hours before the onset of darkness, animals were immobilized with an injection of 10 ml of isotonic MgCl2, and then placed on ice for dissection. For extracellular recordings, both eyes including the optic nerves were removed from each animal and placed in separate dishes of artificial seawater (ASW; 20 ml per dish).
The composition of the ASW was 395 mM NaCI, 10 mM KCI, 10 mM CaCl2, 50 mM MgCl2, 28 mM Na2SO4, 30 mM Hepes buffer, 100,000 units penicillin/liter, and 100,000 p,g streptomycin/liter; pH was adjusted to 7.8 with the addition of NaOH. Low-calcium ASW solutions were prepared differently from normal ASW in that (1) no CaCl2 was added; (2) to eliminate calcium from glassware, it was rinsed with an EGTA solution prior to use, or new glassware was used; (3) EGTA was added at the selected concentration (0, 50 p,M, 100 JLM, 3 mM, 10 mM, or 30 mM); and (4) sufficient additional NaOH was added to bring the pH to 7.8 following the acidification of added EGTA. Measured osmolarity for all lowcalcium solutions above differed from that of ASW by less than 3%, except for the 30-mM EGTA solution, which was 11% higher. A low-calcium, low-chloride (25% of normal) solution included 22 mM NaCI, 214.5 mM Na2S04, 10 mM EGTA, no added CaCl2, and 196.5 mM sucrose to bring osmolarity to that of normal ASW; KCI, MgCl2, Hepes, pH, penicillin, and streptomycin were as described above. For each solution exchange, at least 95% of the volume of the dish was first removed, and 20 ml of the exchanging solution (maintained at 15°C) was infused. Five exchanges were used for both low-calcium solutions and ASW.
The optic nerve from each eye was pulled up into an ASW-filled micropipette suction electrode mounted on a recording dish, which was then placed in a light-tight recording chamber and maintained at 15°C for at least 6 days. RHYTHMICITY DURING LOW-CALCIUM TREATMENT Some CAP activity records during low-calcium treatment suggested the persistence of circadian rhythmicity, despite the irregular CAP activity. To evaluate this further, we applied low-calcium solutions starting at ZT 13 (1 hr after in vitro setup) as a continuous treatment for at least 71 hr. Since CAP activity was often low in low-calcium EGTA (10 mnt) solution, chloride was partially replaced with sulfate in these experiments, since it has been noted that low-chloride ASW enhances CAP activity; at 25% of normal chloride concentration, period is unaffected (Khalsa et al., 1990 Figure 2E suggests a circadian oscillation during the low-calcium pulse, the Fourier transform did not yield a circadian component.
We therefore used the presence of a second cycle of circadian activity (i.e., the presence of a peak in the experimental record coincident with the third cycle of the control record) as a visual criterion for circadian rhythmicity. Using this criterion, and upon visually examining 62 records of low-calcium pulses 48 to 68 hr in duration, we found that 16 records showed some evidence of circadian rhythmicity. Fifteen of these had the calcium concentration measured at the end of the treatment. Figure 2F shows an example of one of these records, in an instance where two cycles of activity occurred coincidentally with circadian cycles of the control eye rhythm.
PHASE-SHIFTING EFFECTS OF LOW-CALCIUM PULSES
Although the data in Figure 1 B suggest that the phase of the pacemaker was not completely determined by the timing of the low-calcium pulse, close examination revealed that the phase of the pacemaker was perturbed by particular pulses. For pulses ending before dawn (pulse durations of 4 to 16 hr), the subsequent phase reference points aligned just before projected dawn, as observed for untreated controls. However, for pulses terminating just after dawn (pulse durations of 20, 24, and 28 hr), the rhythms were relatively phase-delayed by up to 4 hr.
To examine the concentration dependence of this phase-shifting effect, we applied 18-hr low-calcium pulses from ZT 18 to ZT 12 over the second cycle of activity, using a range of EGTA concentrations. As shown in Figure 3A , a pulse of low-calcium ASW without EGTA was followed by a stable phase delay of about 1 hr. With a low-calcium solution using 100 fJ.M EGTA, a stable phase delay of about 4 hr was generated (Fig. 3B) . Raising the EGTA concentration up to 10 mM also yielded a stable phase delay of about 4 hr (Fig.  3C) . In Figure 3D, To analyze the phase-shifting phenomenon with more precision, we compared the records with long-duration pulses (all from data contributing to Fig. 1B ) with records from their matching untreated control eyes, and phase shifts were calculated relative to the control eyes. As shown in Figure 4A , a 16-hr pulse of low-calcium EGTA (10 mM) seawater was applied to the experimental eye starting at ZT 6 during the first cycle of activity, and ending at ZT 22 just before the next projected dawn and the rising phase of the next cycle of activity. No subsequent phase shift was apparent. As shown in Figure 4B , a 28-hr pulse treatment ended at ZT 10 well after the next projected dawn; a subsequent phase shift of about 4 hr was apparent. Finally, as shown in Figure 4C , a 56-hr pulse extending through two projected dawns and ending at ZT 14 resulted in a subsequent phase shift of about 8 hr.
The average phase shifts to all treatments are summarized in Figure 4D . The data points are plotted as average phase shifts on the second cycle of activity following treatment versus the termination time of the treatment. When the pulse ended before the first projected dawn, no phase shifts were apparent (e.g., Fig. 4A ). When the pulse ended after the first projected dawn, a phase delay of up to 4 hr occurred (e.g., Fig. 4B ). This delay then appeared to decrease slightly as the end of the pulse approached the next projected dawn.
Finally, when the pulse ended after the next projected dawn, the phase delay now increased to up to 8 hr (e.g., Fig. 4C ). It was unclear whether the pattern repeated again, although the phase shift decreased as the end of the pulse approached the next projected dawn, and then increased again for at least one data point after it.
Occasionally there was a modest posttreatment shortening of period relative to the control eye rhythm. This was ultimately reflected in the averaged data, in comparing phase shifts measured on the first, second, and third cycles of activity following the treatment. For example, following a 28-hr pulse from ZT 6 to ZT 10, the average phase delay on the second cycle following the treatment was 4.7 hr, whereas that measured on the third cycle following the pulse was 3.2 hr. In records where this effect was observed, it was found for all pulse durations, independent of whether phase delays were generated (e.g., for pulses FIGURE 4. The effects on phase shifting of spanning projected dawn with low-calcium pulses. (A, B, and C) CAP activity records of low-calcium pulses (10 mM EGTA) all beginning at ZT 6 but ending before the first projected dawn in A, after the first projected dawn in B, and after the second projected dawn in C. In A no phase shift is apparent; in B a 4-hr phase shift is evident; and in C an 8-hr phase shift is evident. (D) Summary of average phase shifts to long low-calcium pulses (as in A, B, and C), plotted with standard errors. The data contributing to this figure are a subset of the data in Fig. 1B ; in this figure phase shifts have been calculated related to control eye records. The vertical axis indicates the phase shift observed, whereas the horizontal axis represents the timing of the end of the pulse. As the pulse length extends through and then past projected dawn, a maximum 4-hr phase shift is produced, which then decreases as the end of the pulse approaches the next projected dawn. For pulses extending through the next projected dawn, the phase shift increases again to a maximum of 8 hr before rebounding again. The pattern appears to begin to repeat again with pulses ending past the next projected dawn.
ending before the first projected dawn after the start of the pulse). This observation argues against the interpretation that the phase delays generated were simply transients.
After the longer pulse durations, subsequent peaks tended to degenerate or break up into ultradian bursts of activity. Examples are shown in the final peaks of the rhythms in Figures lA and 4C , where the peak of activity shows three and two discrete subcomponents, respectively. In more extreme cases, more components were evident and spiking activity between components was absent, at which point it became difficult, if not impossible, to assess the phase of the activity cycle.
In order to address whether the &dquo;cumulative&dquo; phase-shifting effect described above could be extended to generate a phase delay of up to 12 hr when three projected dawns were spanned, we applied a treatment that subjected the eyes to a less extreme concentration of low calcium and was of the minimum duration necessary for the phase-shifting effects. A pulse treatment with a solution of low calcium using 100 p,tvt EGTA, which was just sufficient to generate a 4-hr phase delay (see Fig. 3D ), was used. The pulse was applied just before the first cycle in vitro at ZT 18, and ended 64 hr later at ZT 10 after spanning three projected dawns. Despite the modifications in calcium concentration and timing of the treatment, the peaks of activity subsequent to the pulse still showed some of the degeneration of the waveform described above. However, the average phase delay following the pulse as measured on the second cycle following the treatment was 9.9 hr (± 1.6 hr [SE] , n = 5). This was the largest of all of the average phase delays, as shown in Figure 4D , but was still short of a predicted 12-hr delay.
DISCUSSION
The observation that the phase of the Bulla circadian rhythm is not strictly determined by the termination time of long-duration low-calcium pulses (Fig. 1) , as would be expected if pacemaker motion were stopped during the pulse, demonstrates that extracellular calcium is not a critical requirement for the generation of circadian periodicities. The long-pulse experimental paradigm used in this study has been useful in previous efforts to assess the importance of processes in circadian pacemaker function (Pittendrigh, 1974; Khalsa et al., 1991 Khalsa et al., , 1992 . For example, Pittendrigh (1974) showed a phase-dependent requirement for aerobic conditions in the Drosophila circadian pacemaker, using pulses of nitrogen atmosphere. More recently, this experimental approach has been used effectively in Bulla with pulses of low extracellular pH (Khalsa et al., 1991) and protein synthesis inhibitors (Khalsa et al., 1992) , to demonstrate phase-dependent pacemaker requirements for normal intracellular pH levels and protein synthesis.
The use of the long-pulse experimental paradigm was necessitated by the increased electrical excitability characteristic of neural tissue in low extracellular calcium, and reported for CAP activity in both the Bulla Block, 1988, 1990) and Aplysia (Eskin, 1972 (Eskin, , 1977 Jacklet, 1973; Eskin and Corrent, 1977) ocular pacemakers. The occurrence of multiple rapid bursts of CAPs, and alterations of the CAP waveform with &dquo;prolonged after-oscillations&dquo; (Jacklet, 1973) , rendered computer or manual counting of impulses unreliable in some records. Furthermore, even in some records that did display accurate counting of impulses, there was either very low or high CAP activity without clear evidence of circadian rhythmicity. Nevertheless, some records still showed clear evidence of circadian rhythmicity in low calcium. This observation lends additional support to our conclusion that the circadian pacemaker does not require extracellular calcium to generate circadian periodicities. Jacklet (1973) has also reported persistence of an ocular circadian rhythm in lowcalcium seawater in Aplysia with a period no different from control records. However, the concentration of calcium in the ASW in that study was reported as &dquo;zero calcium,&dquo; and was arrived at by simply not adding CaC'2-Under these conditions the extracellular calcium concentration is uncertain, because of the presence of calcium impurities in the other seawater salts and residual calcium on glassware, but it can be as high as 30 fJ.M (Campbell, 1983) . This extracellular concentration still supports a transmembrane gradient, since intracellular cytosolic calcium concentration is typically about 0.1 1 ~Lm, and effective calcium influx and concomitant physiological responses are still possible in some systems (Campbell, 1983) .
In the present study, the extracellular calcium concentration was reduced to at least 4.5 x 10-11 M with the addition of EGTA, and was more than sufficiently low to exclude a role for a transmembrane calcium flux in pacemaker function.
In the in vitro brain slice preparation of the suprachiasmatic nucleus, low-calcium solutions (no added EGTA) abolished the rhythms of glucose utilization and neuronal activity (Shibata et al., 1984; . However, normal calcium levels were not restored and subsequent phase was not assayed; therefore, it is not possible to assess whether it was the circadian pacemaker itself, or output elements driven by the pacemaker, that required extracellular calcium to maintain expression of the circadian rhythm. On the other hand, circadian rhythmicity was effectively maintained in low-calcium solutions (with chelator) in both the cell division rhythm in Euglena (Tamponnet and Edmunds, 1990 ) and the electroretinographic rhythm in crayfish (Fuentes-Pardo et al., 1985) . These results are consistent with those of this study, and further suggest that circadian pacemakers in general may not require extracellular calcium for rhythm generation.
It is possible that intracellular calcium levels in the pacemaker cells are affected during low-calcium treatments. The extracellular calcium concentration used in this study was lower than typical cytosolic calcium concentrations, effectively creating a gradient favoring movement of calcium from the cell. The duration of low-calcium treatment was also long. Fluorescent dye measurements of intracellular calcium concentration have been observed to decrease following addition of EGTA to the extracellular medium (Hesketh, 1985; Tsien et al., 1985; Brostrom and Brostrom, 1990) , or even following reduction of extracellular calcium concentration alone without a chelator (Rehder et al., 1991; Strumwasser et al., 1991) . Furthermore, total cell calcium levels as measured by atomic absorption spectroscopy have been reported to drop to 14% following addition of EGTA to the extracellular medium (Brostrom et al., 1983 (Rehder et al., 1991; Strumwasser et al., 1991) . This suggests that homeostatic mechanisms regulating cytosolic calcium may prevent low extracellular calcium from depriving the pacemaker of essential calcium levels. Furthermore, it is not possible to exclude the possibility that the pacemaker may be tolerant to low calcium concentrations and/or that the calcium required may be in intracellular compartments and thus shielded from changes in cytosolic calcium.
Previous studies have suggested an involvement of calcium in the pacemaker mechanism, based on phase-shifting effects of high or low extracellular calcium, calcium ionophores, calcium channel blockers, or calmodulin inhibitors (Goto et al., 1985; Nakashima, 1986; Shibata and Moore, 1988; Tamponnet and Edmunds, 1990; Techel et al., 1990) .
Models incorporating calcium into a proposed pacemaker mechanism have been described (Goto et al., 1985; Kippert, 1987; Block, 1992; Block et al., 1993 ; for a review, see Rensing and Hardeland, 1990 ). However, in these studies, it is also possible that calcium is an element involved in coupling environmental synchronizing signals to the pacemaker (i.e., part of the input pathway). In this case calcium would not be an essential element of the causal loop of the pacemaker itself (Rensing and Hardeland, 1990 ). This appears to be the case for extracellular calcium in Bulla, where it is required for depolarization-induced phase shifting (McMahon and Block, 1987a; Khalsa and Block, 1988) , and reduction of extracellular calcium can generate phase shifts (Khalsa and Block, 1990) ; however, extracellular calcium itself is not required for the pacemaker to generate the circadian rhythm (present study). A similar conclusion can be drawn on the basis of observations in Euglena, where pulses of low and high extracellular calcium can entrain or phase-shift the circadian rhythm, but continuous treatment of either does not affect the period (Tamponnet and Edmunds, 1990) .
The phase response curve for 6-hr treatments of low calcium in Bulla indicates that phase delays appear only for pulses beginning before and extending through projected dawn (Khalsa and Block, 1990) . This is consistent with the phase-shifting effects observed in this study. However, the incremental or cumulative phase shifting observed in this study is novel. When the low-calcium pulse extends through projected dawn, a resultant phase delay of up to 4 hr is generated. For pulses extending through two projected dawns, the phase shift is doubled to up to 8 hr. It is unclear whether the phenomenon continues with an additional 4 hr of delay for pulses extending through three projected dawns. There is also a regular variation of phase delay magnitude: The phase delays increase to 4 hr for pulses ending in the projected day (ZT 24 to 12), but then appear to decrease to less than 4 hr when pulses extend longer to end in the projected night (ZT 12 to 24) . This cannot be explained on the basis of the phase response curve to 6-hr low-calcium pulses, since phase advances appear only in the late projected day (Khalsa and Block, 1990) .
Based on preliminary observations, our first interpretation of the cumulative phaseshifting effect was that the circadian pacemaker, deprived of a transmembrane calcium flux, was exhibiting a 28-hr period in low calcium (Block, 1992) . We hypothesized that a daily calcium flux induced by the circadian rhythm in membrane potential at dawn phase advances the pacemaker, thereby shortening the underlying 28-hr free-running period to 24 hr. However, this interpretation was not consistent with subsequent results, which revealed some records where a normal circadian rhythm was clearly evident during low-calcium treatment (Figs. 2E and 2F) . Furthermore, for low-calcium pulses ending after the second and third projected dawns, the incrementing 4-hr phase delays appear for pulses that extend just past projected dawn, as they do for pulses ending just after the first projected dawn (Fig. 4D ) (i.e., they occur at 24-hr intervals). If the period of the underlying pacemaker were actually 28 hr, one would not expect these phase delays to appear until pulses ended 4 hr after the second projected dawn, and then 8 hr after the third projected dawn (i.e., at 28-hr intervals).
The observation that the phase delays appear shortly following the end of the lowcalcium pulse during which circadian rhythmicity was evident suggests that they are generated by the transition from low calcium to normal ASW, and not during the low-calcium pulse. As described above, depletion of intracellular stores or compartments probably occurs during low-calcium treatment, which alone may not affect pacemaker function. However, following restoration of normal extracellular calcium, the large influx of calcium and rapid restoration of these stores or compartments may in some way generate phase shifts. The posttreatment rebound in CAP frequency observed in the present study, and previously (Khalsa and Block, 1990) , may be mediated by the same mechanism. Since inhibition of protein synthesis has been linked to reduction of extracellular calcium (Chin et al., 1987;  for a review, see Brostrom and Brostrom, 1990) (Khalsa et al., 1992) .
The challenge in creating a model to account for the phase-shifting effect lies in accounting for the apparent cumulative nature of the phase-shifting effect; the phase shift appears to be encoding information as to how many projected dawns have been spanned by a low-calcium pulse. Assuming that intracellular calcium is depleted continuously, it is possible that the phase shift upon restoration of extracellular calcium is simply a function of the degree of calcium depletion-the longer the depletion, the larger the phase delay. Since the influx of calcium at the end of the low-calcium pulse would be via calcium channels, the state of these calcium channels could be a factor in determining the magnitude of the influx, and therefore the magnitude of the phase delay. This is consistent with the largest phase delays' occurring at dawn and through the projected day, when the BRN membrane is depolarized and voltage-dependent calcium channels are probably open. A decrease in the phase delay magnitude occurs in the late projected night, when the BRN membrane is relatively hyperpolarized and voltage-dependent calcium channels are probably closed.
Previous studies have evaluated the role of membrane function in the generation of circadian rhythms (for a review, see Rensing and Hardeland, 1990) . In neurons the excitable membrane is a key element in the cell's input and output capability; in the case of the Bulla retinal circadian pacemaker, it serves both the input and output pathways. On the input side, light acts through membrane depolarization, which leads to a necessary calcium influx in order for phase shifts to occur (McMahon and Block, 1987a; Khalsa and Block, 1988) . On the output side, the Bulla pacemaker cells express a CAP rhythm that is probably driven by a rhythm in membrane potential , which is in turn most likely driven by a rhythm in potassium conductance Michel and Block, 1991; Michel et al., 1993) . On the other hand, there is little evidence that membrane potential or conductances are essential elements of the circadian pacemaker mechanism in Bulla. Chronic changes in membrane potential, either hyperpolarizing or depolarizing, serve only to lengthen period slightly (McMahon and Block, 1987b) . Complete substitution of chloride ion serves only to shorten period modestly, and therefore chloride is not required for generating circadian periodicities (Khalsa et al., 1990) . Of all the extracellular ions, calcium is known as the most likely to serve as a second messenger in response to changes in membrane potential (Campbell, 1983) . Since we have shown that extracellular calcium is not required for circadian rhythm generation in Bulla, it appears unlikely that membrane potential or underlying membrane conductances are essential elements of the causal loop generating the circadian periodicity. Rather, as proposed previously, calcium flux couples the pacemaker to environmental timing signals (McMahon and Block, 1987a; Khalsa and Block, 1988) and perhaps to synchronizing signals from other circadian pacemakers (Roberts and Block, 1983; Page and Nalovic, 1992) .
